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OBJECTIVE — Insulin-mediated suppression of hepatic glucose 
production (HGP) is associated with sensitive intracellular sig- 
naling and molecular inhibition of gluconeogenic (GNG) enzyme 
mRNA expression. We determined, for the first time, the time 
course and relevance (to metabolic flux) of these molecular 
events during physiological hyperinsulinemia in vivo in a large 
animal model. 

RESEARCH DESIGN AND METHODS— 24 h fasted dogs were 
infused with somatostatin, while insulin (basal or 8X basal) and 
glucagon (basal) were replaced intraportally. Euglycemia was 
maintained and glucose metabolism was assessed using tracer, 
2 H a O, and arterio-venous difference techniques. Studies were 
terminated at different time points to evaluate insulin signaling 
and enzyme regulation in the liver. 

RESULTS — Hyperinsulinemia reduced HGP due to a rapid tran- 
sition from net glycogen breakdown to synthesis, which was 
associated with an increase in glycogen synthase and a decrease 
in glycogen phosphorylase activity. Thirty minutes of hyperinsu- 
linemia resulted in an increase in phospho-FOXOl, a decrease in 
GNG enzyme mRNA expression, an increase in F2,6P 2 , a de- 
crease in fat oxidation, and a transient decrease in net GNG flux. 
Net GNG flux was restored to basal by 4 h, despite a substantial 
reduction in PEPCK protein, as gluconeogenically-derived car- 
bon was redirected from lactate efflux to glycogen deposition. 

CONCLUSIONS — In response to acute physiologic hyperinsu- 
linemia, 7) HGP is suppressed primarily through modulation of 
glycogen metabolism; Z) a transient reduction in net GNG flux 
occurs and is explained by increased glycolysis resulting from 
increased F2,6P 2 and decreased fat oxidation; and 3) net GNG 
flux is not ultimately inhibited by the rise in insulin, despite 
eventual reduction in PEPCK protein, supporting the concept 
that PEPCK has poor control strength over the gluconeogenic 
pathway in vivo. Diabetes 59:1302-1311, 2010 
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Insulin acutely inhibits hepatic glucose production 
(HGP) in vivo by inhibiting glucose formation from 
both glycogenolysis and gluconeogenesis (GNG). 
Metabolic data in dogs and humans indicate that 
glycogenolytic flux is sensitively inhibited by physiological 
hyperinsulinemia, but gluconeogenic flux is not (1-8). 
These data suggest that insulin inhibits the gluconeogenic 
component of glucose production by diverting gluconeo- 
genically derived glucose-6-phosphate (G6P) to glycogen, 
rather than suppressing gluconeogenic formation of G6P 
(GNG flux-to-G6P). Conversely, data from in vitro studies 
and in vivo studies in rodents have shown that insulin- 
mediated mechanisms inhibit both the glycogenolytic and 
gluconeogenic pathways at the enzymatic level. Insulin 
inhibits glycogen phosphorylase and stimulates glycogen 
synthase, facilitating the transition of the liver from glyco- 
gen breakdown to synthesis (9). Insulin also inhibits the 
gene expression of PEPCK and G6Pase, enzymes often 
described as rate-limiting in the GNG pathway. The CREB- 
regulated transcription coactivator-2 (CRTC2) drives the 
expression of PGCla, and PGClct interacts with FOXOl to 
promote GNG gene expression (10-12). Hepatic insulin 
action results in the phosphorylation of CRTC2 and 
FOXOl, which excludes these proteins from the nucleus 
and reduces PEPCK and G6Pase gene expression (10-12). 
Recently, it has been suggested that insulin action in the 
brain also plays a role in suppressing GNG (13-15). It has 
been proposed that a rise in hypothalamic insulin modifies 
vagal input to the liver, leading to the phosphorylation of 
STAT3, which then inhibits GNG gene expression (13). 

Since the biochemistry of GNG regulation has largely 
been established in rodent systems, the question arises as 
to whether it is applicable to large animals and humans. 
The molecular regulation of GNG by insulin in vivo has not 
been well characterized in humans due to the invasiveness 
of sampling human liver and the inaccessibility of the 
portal vein. The canine model offers the experimental 
opportunity to deliver insulin via the portal vein, to 
measure net balance of gluconeogenic substrates and 
glucose across the liver, and to obtain liver tissue for 
molecular characterization in a model that has proven to 
have high translational value to humans (16). Our aim was 
to characterize, for the first time, the time course of 
relevant insulin-mediated molecular events during the 
suppression of HGP by selective physiological (approxi- 
mately eightfold) hyperinsulinemia in the conscious dog 
and to correlate these molecular changes with alterations 
in metabolic flux. The pancreatic clamp technique was 
used to isolate the effects of a selective rise in insulin in 
the presence of euglycemia and basal glucagon. Dogs were 
fasted for 24 h to create a situation in which the basal rates 
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FIG. 1, Arterial plasma insulin (A~), hepatic sinusoidal plasma insulin (B), arterial plasma glucagon (C), and hepatic sinusoidal plasma glucagon 
concentrations (£>) in 24 h fasted conscious dogs during the basal (—30 to 0 min) and experimental (0-240 min) periods. Data are means ± SEM; 
n = 7 in control (CTR) and n = 20 in 8x insulin (8X INS) groups. *P < 0.05 vs. CTR group; tP < 0.05 vs. basal period. 



of gluconeogenic and glycogenolytic flux better reflect 
those in the overnight fasted human. Studies were ended 
after different durations of hyperinsulinemia, at which 
time liver samples were obtained for the measurement of 
molecular markers. Control animals were not exposed to 
elevated insulin but were otherwise treated the same. 

RESEARCH DESIGN AND METHODS 

Animal care and surgical procedures. Adult dogs of either sex, with a mean 
weight of 21.9 ± 0.2 kg at time of study, were housed and fed as described 
previously (5) and then studied after a 24 h fast. The surgical facility met the 
standards published by the American Association for the Accreditation of 
Laboratory Animal Care, and the protocols met the approval of the Vanderbilt 
University Medical Center Animal Care Committee. Two weeks before exper- 
imentation, all dogs underwent a laparotomy to implant sampling catheters 
into the femoral artery, the portal vein, and the hepatic vein, to place infusion 
catheters in the splenic and jujenal veins, and to place ultrasonic flow probes 
(Transonic Systems, Ithaca, NY) around the hepatic artery and the portal vein, 
as described previously (5). All dogs were healthy, as indicated by i) 
leukocyte count <18,000/mm 3 , 2) hematocrit >35%, and 3) good appetite and 
normal stools. 

Experimental design. Each study consisted of an equilibration (—150 to —30 
min), a basal (—30 to 0 min), and an experimental period (0.5, 1, 2, or 4 h). At 
— 150 min, salinized 2 H 2 0 (3 ml/kg; Sigma) was administered intravenously in 
a subset of animals in each group (n = 3 control and n = 5 experimental) to 
achieve —0.55% enrichment of body water. All animals were carefully moni- 
tored during the experiments, and no adverse eifects of 2 H 2 0 administration 
were detected. At —120 min, a priming dose of [3- 3 H]glucose (35 \lC\) was 
given, followed by a constant infusion of [3- 3 H]glucose (0.35 ^Ci/min). At the 
beginning of the experimental period, somatostatin was infused peripherally 
(0.8 |a.g • kg -1 • min -1 ; Bachem, Torrance, CA) to inhibit the endocrine 
pancreas, and glucagon was replaced intraportally in basal amounts (0.57 ng • 
kg -1 • min -1 ; Lilly, Indianapolis, IN). In the control group (n = 7), insulin 
(Lilly) was infused intraportally at rates matched to basal levels (240 jjU • 
kg -1 • min -1 ). In the experimental group (n = 20), insulin was infused 
intraportally at a rate (2,000 \xV • kg -1 ■ min -1 ) that produced an eightfold rise 



from baseline. In all studies, glucose was infused peripherally as required to 
maintain euglycemia. In the control group, subsets of experiments were 
terminated either after 2 h (n = 4) or 4 h (n = 3). In the experimental group, 
a subset of experiments were terminated after 0.5 h (n = 5), 1 h (n = 4), 2 h 
(n = 6), and 4 h (n = 5). Immediately after obtaining the final blood sample, 
each animal was anesthetized with pentobarbital and a laparotomy was 
performed. The hormone and glucose infusions were continued while liver 
sections from three separate lobes were freeze-clamped in situ and subse- 
quently stored at — 70°C. Liver biopsies were obtained within 3 min of the final 
blood sample time. Initial molecular analysis verified that there were minimal 
differences in cellular signals between lobes, and as a result, the molecular 
data reported for all animals were generated from analysis of liver lobe 2. 
There were no differences between markers assessed in control samples taken 
after 2 or 4 h of basal insulinemia; thus, the molecular data reported for the 
control group reflect pooled data from all control animals. 
Metabolite analysis. Hematocrit levels, glucose, glucagon, insulin, Cortisol, 
and nonesterified fatty acid (NEFA) levels in plasma and alanine, glycine, 
serine, threonine, lactate, glutamine, glutamate, glycerol, and (3-hydroxybu- 
tyrate concentrations in blood were determined using standard procedures as 
previously described (5). 

Molecular analysis. RNA extraction, cDNA synthesis, real-time PGR, SDS- 
PAGE, and Western blotting were performed using standard methods (17). 
Fructose-2,6-bisphosphate (F2,6P 2 ) concentration and enzyme activities of 
pyruvate kinase, G6Pase, glycogen synthase, and glycogen phosphorylase 
were assessed using established methods (18-22). 

Preparation of monoacetone glucose and 2 H NMR (nuclear magnetic 
resonance) spectroscopy. Whole-body GNG and glycogenolysis were cal- 
culated using the 2 H 2 0 method combined with nuclear magnetic resonance 
(NMR) analysis as previously described (23). NMR spectra were generated 
independently for each animal. Briefly, 10-ml plasma samples were deprotein- 
ized and lyophilized. To convert plasma glucose to monoacetone glucose, the 
dried residue was suspended in 5.0 ml acetone containing 200 |jl1 H 2 S0 4 . The 
suspension was mixed for 4 h at room temperature. After addition of 5 ml H 2 0, 
pH was adjusted to 2 with drop-wise addition of 1.5 mol/1 Na 2 C0 3 , and the 
sample was mixed for 24 h at room temperature. The pH was then further 
increased to 8 using Na^Og, and the sample was dried. Monoacetone glucose 
was extracted (three to four times) by addition of 3 ml hot ethyl acetate. Ethyl 
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FIG. 2. Arterial plasma NEFA levels (A), net hepatic NEFA uptake (B), arterial plasma p-hydroxybutyrate levels (C), and net hepatic 
P-hydroxybutyrate production (Z>) in 24 h fasted conscious dogs during the basal (—30 to 0 min) and experimental (0-240 min) periods. Data are 
means ± SEM; n = 7 in control (CTR) and n = 20 in 8x insulin (8X INS) groups. *P < 0.05 vs. CTR group; fP < 0.05 vs. basal period. 



acetate was removed via vacuum evaporation, and monoacetone glucose was 
further purified by passage through a solid-phase extraction tube using ethyl 
acetate as eluant. The effluent was freeze-dried and stored before NMR 
analysis. 

NMR spectra for monoacetone glucose (dissolved in 100% acetonitrile) 
were acquired using a 14.0 T Bruker magnet equipped with a Bruker AV-III 
console operating at 92.12 MHz for 2 H. All spectra were acquired in 3-mm NMR 
tubes using a Bruker 5-mm TCI cryogenically cooled NMR probe. Chemical 
shifts were referenced internally to CD 3 CN (1.98 ppm). For ID 2 H NMR, 
typical experimental conditions included 2K data points, 20 ppm sweep width, 
a recycle delay of 0.5 s, and 12-25K scans, depending on sample concentra- 
tion. Data were processed using TOPSPIN software provided by Bruker 
Biospin. Data analysis used an automated program for integration of the 2 H 
NMR spectra ensuring consistent and reproducible integration areas for all 
acquired spectra. 

Calculations. We determined whole-body GNG and glycogenolysis using the 
following calculations: gluconeogenesis = i? a X C5/C2 and glycogenolysis = 
i2 a — gluconeogenesis. R a represents tracer-derived endogenous glucose 
production calculated using the two-compartment circulatory model de- 
scribed by Mart et al. (24), and C5/C2 represents the ratio of deuterium 
enrichment at the respective carbon positions of glucose. 

Net hepatic substrate balances were calculated with the arterio-venous 
(A-V) difference method using the formula: net hepatic substrate balance = 
Load out - Loaa^, where Load out = [H] X HF and Load ta = [A] X AF + [P] X 
PF. [A], [P], and [H] represent substrate concentrations in femoral artery, 
portal vein, and hepatic vein blood or plasma, respectively, and AF, PF, and 
HF represent blood or plasma flow (as measured using ultrasonic flow probes) 
through the hepatic artery, the portal vein, and the hepatic vein, respectively. 
With this calculation, positive values reflect net hepatic production and 
negative values represent net hepatic uptake. Plasma glucose values were 
multiplied by 0.73 to convert them to blood glucose values as previously 
validated (25). Net hepatic fractional extraction was calculated by dividing net 
hepatic substrate balance by hepatic substrate load. The approximate insulin 
and glucose levels in plasma entering the liver sinusoids were calculated using 
the formula [A] X %AF + [P] X %PF, where [A] and [P] represent arterial and 
portal vein concentrations, respectively, and %AF and %PF are the respective 



fractional contributions of arterial and portal blood flow to total hepatic blood 
flow. 

We estimated net hepatic gluconeogenic (NHGNG) flux by subtracting 
glycolytic flux from gluconeogenic flux-to-G6P. GNG flux-to-G6P was deter- 
mined by taking the sum of net hepatic uptake rates of gluconeogenic 
precursors (alanine, glycine, serine, threonine, glutamine, glutamate, glycerol, 
lactate, and pyruvate) and dividing by 2 to account for the incorporation of 
two three-carbon precursors into one six-carbon glucose molecule. Glycolytic 
flux was estimated by taking the sum of the net hepatic output rates (when 
present) of the gluconeogenic substrates noted above (in glucose equivalents) 
and hepatic glucose oxidation (assumed to be 0.2 ±0.1 mg • kg -1 • min -1 ). We 
have verified that glucose oxidation remains at a low and constant rate across 
wide variations in physiological parameters (26,27). Positive NHGNG flux 
reflects net GNG flux-to-G6P, whereas negative values represent net glycolytic 
flux to C0 2 or lactate. Net hepatic glycogenolytic flux was estimated by 
subtracting NHGNG flux from net hepatic glucose balance. Positive net 
hepatic glycogenolytic flux reflects net glycogen breakdown, and negative 
values represent net glycogen synthesis. 

There are several assumptions required when using the A-V difference 
technique in assessment of GNG flux-to-G6P. For example, this method 
assumes that substrate flux is unidirectional at any given point in time. There 
is negligible production of gluconeogenic amino acids or glycerol by the liver, 
so for these substrates, the compromise is of little consequence. Predomi- 
nantly gluconeogenic periportal and glycolytic perivenous hepatocytes could 
simultaneously take up and release lactate, respectively, which could lead to 
an underestimation of GNG flux-to-G6P. It must be noted that simultaneous 
lactate uptake and release would not, however, affect our estimation of 
NHGNG flux or net hepatic glycogenolytic flux. NHGNG flux and net hepatic 
glycogenolytic flux estimations are subject to error to the degree that 
intrahepatic GNG amino acids contribute to the formation of G6P. The method 
also assumes 100% conversion of the GNG amino acids taken up by the liver 
into G6P (they are not oxidized or used in the synthesis of proteins). Errors 
arising from the assumptions are difficult to assess but appear to be minimal, 
as simultaneous assessment of GNG flux using the A-V difference technique 
and other independent methods (that are not subject to the same assump- 
tions) yielded similar estimates of GNG flux (5,28). 
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FIG. 3. Arterial blood lactate concentrations (A~) and net hepatic 
lactate uptake (B) in 24 h fasted conscious dogs during the basal (—30 
to 0 min) and experimental (0-240 min) periods. Data are means ± 
SEM; n = 7 in control (CTR) and n = 20 in 8x insulin (8X INS) groups. 
*P < 0.05 vs. CTR group; tP < 0.05 vs. basal period. 

Statistical analysis. Statistical comparisons were carried out using two-way 
repeated-measure ANOVA (group X time) (SigmaStat). One-way ANOVA 
comparison tests were used post hoc when significant F ratios were obtained. 
Significance was determined as P < 0.05. 

RESULTS 

Hormone levels. In the control group, insulin was re- 
placed at basal levels, whereas both arterial and hepatic 
sinusoidal insulin levels increased eightfold in the experi- 
mental group (Fig. L4 and E). Arterial and hepatic sinu- 
soidal glucagon levels were clamped at basal values in all 
animals (Fig. 1C and D). Arterial Cortisol levels were also 
basal in all animals (data not shown). 
Fat metabolism. Arterial NEFA levels tended to decline 
slowly in the control group, resulting in a modest reduc- 
tion by 240 min (Fig. 2A). Conversely, there was a rapid 
and marked decrease in arterial NEFA levels (61 and 96% 
at 30 and 240 min, respectively) in response to hyperinsu- 
linemia. Consistent with these data, there were minimal 
changes in net hepatic NEFA uptake (Fig. 25) and oxida- 
tion (Fig. 2D) in control animals, but rapid and substantial 
suppression of these parameters in the hyperinsulinemic 
group. 

Gluconeogenic precursor metabolism. In control ani- 
mals, there was no significant change in arterial blood 
lactate levels (Fig. 3A) or net hepatic lactate balance (Fig. 
35) over time. Conversely, hyperinsulinemia caused a 
transient increase in arterial blood lactate levels and a 
switch from net hepatic lactate uptake to net hepatic 
lactate output that was evident between 30 and 120 min. 

diabetes.diabetesj ournals. org 



By 240 min, net hepatic lactate uptake had returned to 
baseline rates. 

While arterial plasma glycerol levels and net hepatic 
glycerol uptake did not change significantly in the control 
group, both of these parameters decreased rapidly (50 and 
61% by 30 min) in response to hyperinsulinemia and 
remained suppressed for the duration of the study (sup- 
plementary Table 1, which can be found in an online 
appendix at http://diabetes.diabetesjournals.org/cgi/ 
content/full/db09-1625/DCl). There were no significant 
changes over time in arterial blood alanine levels, net 
hepatic fractional extraction of alanine, or net hepatic 
alanine balance in the control group (supplementary Table 
1). Conversely, blood alanine concentrations eventually 
fell (40 and 54% by 120 and 240 min, respectively) in 
response to hyperinsulinemia. Net hepatic alanine uptake 
rates did not change over time in the hyperinsulinemic 
group despite the decreased arterial levels because net 
hepatic fractional extraction of alanine increased (1.8-fold 
by 240 min). Similar trends were observed for serine, 
glycine, threonine, glutamate, and glutamine (data not 
shown). Thus, in the control animals, the summed blood 
level, net hepatic fractional extraction, and net hepatic 
uptake of gluconeogenic amino acids failed to change. 
Hyperinsulinemia, on the other hand, resulted in a gradual 
decrease in amino acid levels in blood (32% after 240 min), 
an increase (56% by 240 min) in their net hepatic fractional 
extraction, and no change in their net hepatic uptake 
(supplementary Table 1). 

Glucose, glycogenolytic, and gluceoneogenic flux 
rates. Euglycemia was maintained in all animals (Fig. 4A), 
requiring glucose infusion rates of 0.2 ±0.1 and 13.3 ± 0.9 
mg • kg -1 • min 1 in the control and hyperinsulinemic 
groups, respectively, during the last hour of study. In the 
basal period, net hepatic glucose output was similar (2.0 
mg • kg -1 • min 1 ) in both groups. Net hepatic glucose 
output declined minimally (17%) over time in the control 
group (Fig. 4£>), whereas in the hyperinsulinemic group, it 
rapidly declined (75% by 30 min) and was completely 
inhibited by 60 min, after which the liver switched to net 
glucose uptake (0.8 ±0.1 mg • kg -1 • min -1 at 240 min). 
Net hepatic glycogenolytic flux fell slightly (—25%, NS) 
over time in the control group but was rapidly suppressed 
(43% reduction by 30 min) by hyperinsulinemia, being 
completely inhibited by 60 min. By the end of the study, 
the liver had switched to a state of net hepatic glycogen 
synthesis (Fig. 4(7). NHGNG flux did not change from basal 
in the control group but was transiently decreased in 
response to hyperinsulinemia so that the liver switched to 
net glycolysis from 30 to 90 min (Fig. 4D). By the end of 
the study, NHGNG flux had returned to near-basal. The 
suppression of net hepatic glucose output by hyperinsu- 
linemia was confirmed by reduced tracer-derived endoge- 
nous glucose production (Fig. 5A) and was indicative of 
the complete suppression (at 240 min) of whole-body GNG 
(Fig. 55) and glycogenolysis (Fig. 5(7), as determined using 
the 2 H 2 0 technique. 

Molecular effects of insulin. The time course of intra- 
cellular insulin-regulated events was assessed in hepatic 
biopsies obtained from the hyperinsulinemic group and 
expressed relative to the data obtained from control 
animals. In response to hyperinsulinemia, Akt and GSK-3(3 
phosphorylation increased approximately twofold and ap- 
proximately threefold at 30 and 60 min, respectively, 
relative to the control group (Fig. 6A). The level of 
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FIG. 4. Arterial plasma glucose levels (A), net hepatic glucose balance (B), net hepatic glycogenolytic flux (C), and net hepatic gluconeogenic flux 
(D) in 24 h fasted conscious dogs during the basal (—30 to 0 min) and experimental (0-240 min) periods. Data are means ± SEM; n = 7 in CTR 
and n = 20 in 8x insulin (8X INS) groups. *P < 0.05 vs. CTR group; fP < 0.05 vs. basal period. 



phosphorylated glycogen synthase tended to decrease 
(—20%, NS) by 60 min and was maximally reduced (45%) 
for the last 120 min of the study (Fig. 65). The glycogen 
synthase activity ratio was elevated twofold from 30 min 
on (Fig. 6(7), whereas the glycogen phosphorylase activity 
ratio was decreased 40% (Fig. 6D). 

Hyperinsulinemia caused a twofold increase in FOXOl 
phosphorylation (and 52% decrease in nuclear FOXOl 
content) by 30 min (Fig. 7A). FOXOl levels in nuclear- 
enriched fractions eventually decreased by 95% in the 
hyperinsulinemic group. CRTC2 phosphorylation in- 
creased approximately twofold, and PGCla protein levels 
decreased (43%) by 120 min (Fig. IB). STAT3 phosphory- 
lation increased approximately twofold, but it took 240 
min before a significant change was observed (Fig. 7(7). 
Hyperinsulinemia resulted in rapid (45-50% by 30 min) and 
marked (80-90% by 240 min) decreases in PEPCK and 
G6Pase mRNA (Fig. ID). The PEPCK protein level did not 
change during the first hour of hyperinsulinemia but was 
reduced 31 and 48% at 120 and 240 min, respectively (Fig. 
IE), whereas G6Pase activity was modestly reduced at 240 
min (-30%, NS, Fig. IF). 

Glucokinase opposes the action of G6Pase. Hyperinsu- 
linemia stimulated 3- and 11-fold increases in glucokinase 
mRNA at 30 and 240 min, respectively, whereas glucoki- 
nase protein was not elevated until 120 min (twofold) and 
was elevated threefold by 240 min (Fig. 8A). Hepatic 
F2,6P 2 concentration and pyruvate kinase activity, both of 
which stimulate glycolysis and inhibit GNG, were also 
assessed. F2,6P 2 increased approximately threefold by 30 
min and fivefold by 60 min in response to hyperinsulinemia 
and remained elevated for the duration of the experiment 
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(Fig. 85). Pyruvate kinase activity was increased 1.7-fold 
for the last 120 min of hyperinsulinemia (Fig. 8(7). 



DISCUSSION 

The distinction between hepatic gluconeogenesis (GNG; 
liver production of glucose derived from GNG precursors) 
and gluconeogenic formation of G6P is crucial to the 
interpretation of insulin's effect on HGP. In the present 
study, a physiological eightfold rise in portally infused 
insulin rapidly inhibited HGP in 24 h fasted dogs. Thus, 
glycogenolysis and gluconeogenesis, classically defined as 
hepatic output of glucose derived from the glycogenolytic 
and gluconeogenic pathways, were both sharply reduced. 
However, the inhibition of NHGNG flux was transient, so 
that after 240 min, it was unchanged from baseline. Thus, 
by the end of the study, insulin had reduced the GNG 
fraction of HGP to zero without affecting the net gluconeo- 
genic rate of G6P formation, but rather by promoting the 
deposition of G6P in glycogen. Net hepatic glycogenolytic 
flux was strongly inhibited by 30 min and completely 
suppressed by 60 min, and thereafter the liver exhibited 
net glycogen synthesis. The metabolic conversion of the 
liver to an organ of net glycogen storage correlated with 
insulin's rapid and reciprocal regulation of glycogen phos- 
phorylase ( i ) and glycogen synthase ( f ). Insulin even- 
tually (120 min) brought about an increase in glucokinase 
protein and thus glucokinase may have played a role in 
facilitating glucose entry and in sustaining the maximal 
rate of glycogen synthesis. 

Hyperinsulinemia resulted in substantial decreases (40- 
50%) in PEPCK and G6Pase mRNA at 30 min, which 
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FIG. 5. Tracer-determined endogenous glucose production (A), whole- 
body gluconeogenesis (B), and whole-body glycogenolysis (C) deter- 
mined using the 2 H z O method in 24 h fasted conscious dogs during the 
basal (—30 to 0 min) and experimental (0-240 min) periods. Deuter- 
ated water analysis was performed on subsets of control (CTR) and 
hyperinsulinemic experiments that were carried out for 240 min (n = 
3 and n = 5, respectively). Data represent means ± SEM; *P < 0.05 vs. 
CTR group, fi* < 0.05 vs. basal period. 8X INS, 8x insulin. 

correlated with the time course of FOXOl phosphoryla- 
tion and preceded changes in other key regulatory loci 
(CRTC2, PGClot, STAT3). PEPCK mRNA was suppressed 
by >80% at 2 h, before any significant increases in STAT3 
phosphorylation. STAT3 inhibits GNG mRNA expression 
(29), and in mice, it has been suggested that STAT3 is the 
hepatic effector for insulin-brain-liver signaling required 
for suppression of GNG in vivo (13). Regardless of the 
validity of this concept, which is doubted by some (30), we 
show here that the repression of GNG mRNA expression is 
associated with FOXOl phosphorylation and occurs be- 
fore STAT3-mediated regulation. 

While we verified that the rodent-derived model of 
insulin-mediated suppression of GNG gene expression is 
intact and applicable to large animals, these molecular 
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events did not affect the acute regulation of NHGNG flux. 
Hyperinsulinemia reduced NHGNG flux (resulting in net 
glycolysis) at 30 min, and this preceded functional changes 
in gluconeogenic enzymes (PEPCK, G6Pase) or the acti- 
vation of pyruvate kinase, which is considered to be a key 
regulatory enzyme of glycolysis (31). On the other hand, it 
correlated with an increase in hepatic F2,6P 2 and a de- 
crease in lipolysis and hepatic fat oxidation. This suggests 
that hepatic F2,6P 2 and hepatic fat oxidation have greater 
regulatory strength over the insulin-mediated enhance- 
ment of glycolysis in vivo than does pyruvate kinase. 
Insulin stimulates the dephosphorylation of 6-phospho- 
fructokinase-2 (PFK-2)/fructose-2,6-bisphosphatase (FB- 
Pase-2), increasing PFK-2 activity and inhibiting FBPase-2 
activity, the net of which increases the level of F2,6P 2 , a 
metabolite that promotes glycolysis and inhibits GNG in 
vitro (31). Oxidation of fat by the liver generates intrahe- 
patic metabolites that inhibit glycolysis and promote GNG. 
Insulin-mediated suppression of lipolysis therefore results 
in the removal of these cues (32). Indeed, after 30 min, 
glycolysis was enhanced and glycogenolytically derived 
carbon entered glycolysis and exited the liver in the form 
of lactate rather than glucose. As a consequence, the liver 
switched from a state of net lactate consumption (using 
lactate as a GNG precursor) to an organ of net lactate 
production. 

We previously observed that selective peripheral hyper- 
insulinemia (with no change in insulin at the liver or, 
presumably, F2,6P 2 ) suppressed HGP due to a reduction in 
NHGNG flux, and the time course of this suppression 
correlated with decreased lipolysis and increased net 
hepatic lactate output (33). When arterial NEFA levels 
were clamped at basal levels with intralipid infusion, 
peripheral hyperinsulinemia could not modify hepatic 
glycolysis, net hepatic lactate balance, or NHGNG flux 
(33). In another study, selective hepatic hyperinsulinemia 
(and, presumably, increased F2,6P 2 , with no change in 
arterial insulin) suppressed HGP entirely by inhibiting 
glycogenolysis, without altering NHGNG flux (34). Taken 
together, these studies (33,34) suggest that acute regula- 
tion of NHGNG flux by insulin is caused by the suppres- 
sion of lipolysis and may be independent of changes in 
F2,6P 2 . It must be noted that F2,6P 2 was not assessed in 
these earlier studies (33,34), whereas it was in the present 
study, so we cannot be certain which (increased F2,6P 2 or 
decreased lipolysis) was the dominant factor mediating 
the transient decrease in NHGNG flux. 

By 240 min, NHGNG flux had returned to its baseline 
value despite an —50% reduction in PEPCK protein and 
persisting conditions that favored glycolysis (increased 
F2,6P 2 , increased pyruvate kinase activity, and decreased 
hepatic fat oxidation). Theoretically, the transient de- 
crease in NHGNG could have reflected enhanced glyco- 
lytic flux, decreased GNG flux-to-G6P, or both. Our 
observation that GNG flux-to-G6P was basal at 240 min 
suggests that the transient change in NHGNG flux was due 
to an alteration in glycolysis (supplementary Fig. 1). GNG 
flux-to-G6P remains active and important to glycogen 
deposition in the postprandial state in a variety of species, 
suggesting that the pathway is insensitive to hyperinsulin- 
emia (and insulin-mediated increased F2,6P 2 ) in vivo (35- 
39). Conversely, hyperinsulinemia (and the resulting 
increased F2,6P 2 ) has been shown to enhance glycolysis in 
vivo, and this has been suggested to be a mechanism by 
which insulin reduces HGP (40-42). The rebound in 
NHGNG flux likely resulted from the cessation of glycogen 
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FIG. 6. Molecular regulation of glycogen metabolism in 24 h fasted conscious dogs after either CTR or 8X INS treatments. A: Akt and GSK3fi 
phosphorylation, expressed relative to total Akt and GSK3|J protein content, respectively. B: Phosphorylation of glycogen synthase, expressed 
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respectively). Histograms depict mean values ± SEM. * Significantly different from the value for control (CTR), P < 0.05. 8X INS, 8x insulin. 



breakdown and the reduction in substrate for the glyco- 
lytic pathway. This, in turn, caused the restoration of net 
hepatic lactate uptake and the deposition of gluconeogeni- 
cally derived carbon in glycogen. Thus, the complete 
suppression of HGP observed after several hours of hyper- 
insulinemia appears to have been a function of the switch 
from net glycogenolysis to net glycogen synthesis, with 
NHGNG flux being unchanged. 

The notion that insulin can inhibit GNG flux-to-G6P is 
based largely on experiments carried out using isolated 
hepatocytes and perfused livers from rats (31). However, 
these studies typically examined the process in the ab- 
sence of many factors (hepatic glycogen, neural input, and 
physiological concentrations of other hormones and cir- 
culating fatty acids) that play important roles in the 
regulation of HGP in vivo (16). For example, in mice, the 
deletion of CRTC2 resulted in reduced PEPCK and G6Pase 
gene expression in vitro and in vivo; however, while this 
impaired glucagon-stimulated HGP in vitro, it did not alter 
glucose metabolism in vivo (43). Additionally, insulin- 
induced inhibition of glucose output from liver tissue in 
vitro could reflect changes in glycogen synthesis and 
glycolysis, as well as alteration in GNG flux-to-G6P. Thus, 
in vitro studies of GNG are limited in their ability to 
characterize the physiologic regulation of the pathway in 
vivo. 
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Based on recent rodent studies, it was concluded that 
hyperinsulinemia in the brain inhibited HGP by reducing 
GNG associated with inhibition of GNG gene expression 
(13-15) and STAT3 phosphorylation (13). It is possible 
that the sensitivity and mechanism of insulin-mediated 
inhibition of HGP may be species-dependent. Rodents 
have 5-10 X the basal HGP rates of large animals, and they 
exhaust liver glycogen stores after a fairly short fast, 
whereas canines (and humans) have the capacity to main- 
tain a significant amount of liver glycogen after several 
days of fasting (44,45). It is also possible that the drive to 
maintain GNG flux-to-G6P during hyperinsulinemia differs 
between species. However, certain rodent studies have 
shown that GNG flux-to-G6P persists (with carbon redi- 
rected to glycogen) during feeding (37,38), which contra- 
dicts the notion that hyperinsulinemia can inhibit the 
pathway. The sensitivity of GNG flux-to-G6P to insulin 
may also vary according to dose and fasting length; we 
recently reported that ~ 16-fold hyperinsulinemia could 
suppress GNG flux-to-G6P in prolonged fasted (60 h) dogs 
in a manner that could not be explained by functional 
changes in PEPCK (17). Thus, there is uncertainty regard- 
ing the physiological and experimental circumstances 
under which insulin-mediated suppression of GNG flux- 
to-G6P can be detected. 

Several early studies in rats showed that selective 
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pharmacological inhibition (with 3-mercaptopicolinate) of 
PEPCK reduced GNG from gluconeogenesis precursors in 
vitro and lowered blood glucose and the GNG fraction of 
glycogen formation in vivo (38,46-48). These studies led 
to the notion that PEPCK is a dominant point of control 
in regulating GNG. However, these rat data may not be 
entirely transferable to humans due to the aforemen- 
tioned differences between species. Furthermore, the 
complete inhibition of PEPCK activity achieved with 
3-mercaptopicolinate is different from physiological in- 



hibition of PEPCK protein by insulin, which, even after 
4 h in our study, only reduced the protein by —50%. This 
distinction is supported by a recent study using per- 
fused livers from transgenic mice with large variations 
in hepatic PEPCK enzyme (49). Data from Burgess et al. 
(49) demonstrated that a 50% reduction in PEPCK 
protein content was not associated with a significant 
decrease in flux through PEPCK, whereas the complete 
absence of PEPCK protein did inhibit the pathway. 
Thus, our data support the notion that, under physio- 
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levels. B: Hepatic levels of F2,6P 2 (expressed per gram wet weight, 
gww). C: Hepatic pyruvate kinase (PK) activity. Histograms depict 
mean values ± SEM. *Significantly different from the value for CTR, 
P < 0.05. 

logical circumstances in vivo, PEPCK has low control 
strength over the process (49). 

It is possible that GNG enzyme activity may exert a 
higher degree of control on GNG in a chronic insulin- 
resistant state, since rodent models of diabetes typically 
display elevated HGP associated with increased PEPCK 
and G6Pase mRNA (50-52). However, Samuel et al. (53) 
recently showed that HGP and GNG were increased in two 
rodent models of diabetes despite normal levels of hepatic 
GNG enzyme mRNA. Furthermore, this group verified that 
PEPCK and G6Pase mRNA levels were not increased in 
human liver biopsies obtained from individuals with type 2 



diabetes. While PEPCK may have high control strength on 
other aspects of hepatic metabolism such as TCA cycle 
flux (49), the notion that PEPCK is rate-determining in the 
GNG process appears to be inaccurate. 

In summary, physiological hyperinsulinemia rapidly 
suppressed HGP in the conscious dog, and after 4 h, this 
inhibition was solely due to profound effects on glycogen 
metabolism with no alteration in NHGNG or GNG flux-to- 
G6P. Canonical insulin-mediated signaling mechanisms 
were rapidly activated, and the switch from glycogenolysis 
to glycogen synthesis was associated with the activation of 
glycogen synthase and inhibition of glycogen phosphory- 
lase. Hyperinsulinemia led to the phosphorylation of 
FOXOl and suppression of PEPCK and G6Pase mRNA 
levels, before alterations in other regulatory loci (CRTC2/ 
PGCla/STAT3). By 30 min, insulin increased hepatic 
F2,6P 2 and decreased hepatic fatty acid oxidation; these 
factors stimulated glycolysis, resulting in net lactate pro- 
duction and a transient reduction in NHGNG flux. NHGNG 
flux returned to baseline (despite substantially reduced 
PEPCK protein) by the end of the study as carbon was 
redirected to glycogen synthesis. We conclude that acute 
hyperinsulinemia regulates HGP through transient alter- 
ations in glycolysis and persisting effects on glycogen 
metabolism. Physiologic hyperinsulinemia has little or no 
effect on gluconeogenic formation of G6P despite reduced 
levels of PEPCK protein, indicating that PEPCK has little 
control over the gluconeogenic pathway. 
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